Comparative genomics from mitochondria, plastids, and mutualistic endosymbiotic bacteria has shown that the stable establishment of a bacterium in a host cell results in genome reduction. Although many highly reduced genomes from endosymbiotic bacteria are stable in gene content and genome structure, organelle genomes are sometimes characterized by dramatic structural diversity. Previous results from Candidatus Hodgkinia cicadicola, an endosymbiont of cicadas, revealed that some lineages of this bacterium had split into two new cytologically distinct yet genetically interdependent species. It was hypothesized that the long life cycle of cicadas in part enabled this unusual lineage-splitting event. Here we test this hypothesis by investigating the structure of the Ca. Hodgkinia genome in one of the longest-lived cicadas, Magicicada tredecim. We show that the Ca. Hodgkinia genome from M. tredecim has fragmented into multiple new chromosomes or genomes, with at least some remaining partitioned into discrete cells. We also show that this lineage-splitting process has resulted in a complex of Ca. Hodgkinia genomes that are 1.1-Mb pairs in length when considered together, an almost 10-fold increase in size from the hypothetical single-genome ancestor. These results parallel some examples of genome fragmentation and expansion in organelles, although the mechanisms that give rise to these extreme genome instabilities are likely different.
T he first published genome from a nutritional bacterial endosymbiont of an insect was Buchnera aphidicola from the pea aphid Acyrthosiphon pisum (AP) (1) . This landmark paper provided many key insights that would be repeatedly reinforced in different bacterial symbioses during the subsequent 15 y, including extreme gene loss and genome reduction, precise metabolic complementarity and interdependence with the host insect, highly biased nucleotide and amino acid compositions, and limited gene sets involved in DNA repair, gene regulation, and cell envelope biosynthesis (2) . The second complete Buchnera genome, from the aphid Schizaphis graminum (SG), provided the next archetype for endosymbiont genomes: the Buchnera AP and SG genomes showed no rearrangements or gene acquisitions, despite large amounts of sequence evolution and 50+ million y of divergence (3) . Unusual genomic structural stability has been repeatedly found in many other insect endosymbiont genera, including Blochmannia (4, 5), an ant endosymbiont; Sulcia (6-8), which forms a widespread and ancient association with sapfeeding insects, such as sharpshooters, spittlebugs, and cicadas (9) , and Carsonella, an endosymbiont of psyllids (10, 11) . A pattern thus emerged whereby the process of genome reduction in endosymbionts resulted in small and stable genomes.
However, several other examples, some recently published, have placed small cracks in the façade of genomic stability in endosymbionts. Sequencing of Buchnera from a third more diverged aphid genus showed two inversion rearrangements and two small translocations relative to the first two genomes (12). Genomes from various endosymbiont genera found in cockroaches (13) , tsetse flies (14) , mealybugs (15) , leafhoppers (8) , and especially whiteflies (16) also showed some structural rearrangements in otherwise completely colinear genomes (reviewed in ref. 16 ). Although these results do not much change the general picture of genomic stability in endosymbionts, they do suggest that highly reduced endosymbiotic genomes are not strictly fated to unalterable colinearity and stability given the right circumstances.
Some mitochondrial genomes are similar to the highly reduced genomes of endosymbionts in that they are incredibly stable in size and number of genes across a wide diversity of hosts. For example, the 4,000+ sequenced bilaterian animal mitochondrial genomes typically, but not always (17) , map as a single circular 14-to 20-kb molecule and encode the same 37 genes (18) (Fig.  1 ). However, well before the first complete animal mitochondrial genome was sequenced (19) , it was clear that some mitochondrial genomes, especially in vascular plants (20, 21) , were large and variable in size and thus very different from those found in animals (22) . More recent mitochondrial genome sequencing has confirmed these early studies, and efforts aimed at diverse eukaryotes have shown that their mitochondrial genomes range widely in structure (circular, linear, single chromosomes, multiple chromosomes) and size (ranging over more than three orders-of-magnitude, from about 6 kb to 11 Mb) (23) (24) (25) (26) (Fig. 1) .
Interestingly, this wild diversity in organelle genome structure and size is not reflected in coding capacity (25) . All known mitochondrial genomes encode genes that are subsets of the ∼70 protein-coding genes encoded by the ∼70-kb jakobid protist mitochondrial genomes (27, 28) . Even the enormous vascular plant mitochondrial genomes-which can be >100 times larger than those found in early land plants (29)-contain only ∼25 nonredundant protein-coding genes, all of which are present on jakobid mitochondrial genomes (24) . It is now clear that large mitochondrial genomes are derived from smaller mitochondrial genomes through processes such as repetitive DNA expansion and foreign DNA acquisition (23, 24, (30) (31) (32) .
Over the past decade, the distinction between "endosymbiont" and "organelle" has become increasingly more difficult to make (33) : organelle and endosymbiont genomes overlap in size and coding capacity (Fig. 1) , genome reduction in both can be enabled by horizontal gene transfer to the host (34-37), and both have been shown to import proteins produced by the host (38, 39) . But what of the apparent difference in genomic stability observed between endosymbionts and organelles?
We recently reported that some lineages of the cicada endosymbiont Candidatus Hodgkinia cicadicola (hereafter Hodgkinia) showed unusual genomic structural instability (40) . Like many other insect endosymbionts, the first sequenced Hodgkinia genome, from the cicada Diceroprocta semicincta (DICSEM), had a single very small circular mapping genome of 144 kb (41) . However, in the cicada Tettigades undata (TETUND), the Hodgkinia lineage has split into two new lineages, each isolated to distinct Hodgkinia cells (40) . These two new genomes are smaller and have both lost genes compared with the single-genome version of Hodgkinia present in DICSEM and in a closely related congener, Tettigades ulnaria (TETULN). Strikingly, gene loss has occurred in a complementary pattern so that all ancestral genes encoded in Hodgkinia TETULN are retained on at least one of the new Hodgkinia TETUND genomes (40) . As a result, the host cicada now relies on two species of Hodgkinia with a combined genome size nearly twice the size of their single-genome ancestor. We proposed a model to explain the genomic instability in Hodgkinia (40) (see, for example, Fig. 3 ) based partly on the unusually long and variable cicada life cycle. Here we test this model by analyzing the genomic and cytological structure of Hodgkinia from one of the longest-lived cicada species, the 13-y periodical cicada Magicicada tredecim (MAGTRE).
Results and Discussion
Extravagant Complexity in Hodgkinia from M. tredecim. We first attempted to sequence both the Sulcia and Hodgkinia genomes from MAGTRE using short-insert Illumina sequencing methods. The Sulcia MAGTRE assembly reflected the structural stability of many endosymbiont genomes: it cleanly assembled into one circular-mapping 268-kb molecule that was completely colinear with all other Sulcia genomes. In contrast, the reads associated with the Hodgkinia genome assembled into an extremely complex mix of small contigs. We added sequencing reads from a 2.5-kb large-insert Illumina library with the aim of joining these small contigs into larger scaffolds. We found 233 scaffolds assembled from these combined data that contained recognizable Hodgkinia sequences and totaled 1.1 Mb in length. The assembled Hodgkinia scaffolds were present at different depths of coverage (Table 1) , consistent with what would be expected if the scaffolds did not assemble from DNA fragments derived from the same physically linked DNA molecule.
We also found many cases where different versions of the same gene were present on several different scaffolds. The variation in depth of sequencing coverage combined with the existence of related stretches of sequence at various levels of similarity made it difficult for us to finish the entire 1.1-Mb Hodgkinia assembly into distinct molecules. However, we identified 27 scaffolds totaling 739 kb of sequence where mate-pair information suggested the two scaffold ends were joined to each other ( Fig. 2 and Table 1) . Of these 27, we were able to verify that 17 scaffolds were circularmapping molecules by PCR and Sanger sequencing, or by using ∼421 Mb of PacBio long-read data. These 17 verified circles totaled 512 kb of sequence ( Table 1 ). The remaining 10 circular scaffolds were not closed by PacBio reads and did not provide clean PCR results because of stretches of sequence that were shared by many scaffolds. However, because all of them had at least five independent gap-spanning paired-end reads, we consider these putative circular-mapping molecules. The remaining 206 scaffolds contained 424 kb of sequence, ranged in size from 200 bp to 27 kb in length (166 of these were less than 2 kb in length), were frequently broken at stretches of sequence that were shared among several different scaffolds, and were left as a draft assembly.
We next searched the entire 1.1-Mb Hodgkinia assembly for fulllength open reading frames (ORFs). We found only 165 ORFs that were apparently functional. Ninety-seven were unique (that is, 68 were paralogs of other genes, showing on average 76% sequence identity at the amino acid level), representing about 60% of the 155 ORFs we expected based on previous Hodgkinia genomes (40, 41) . Sixty-eight of the 165 ORFs were on the 17 closed circular molecules; 47 of these were unique (Fig. 2) . Because we found no additional ORFs outside of these 165, we conclude that, like in TETUND, homologs of the ∼150 genes present on the single-genome versions of Hodgkinia are the only genes present in the entire MAGTRE assembly. The Hodgkinia assembly also contained many pseudogenes, but we restricted the analysis in this paper to the 17 verified circles because of the difficulty in identifying nonfunctional genes in draft assemblies of rapidly evolving sequence (the average percent identity at the amino acid level was ∼35% between MAGTRE and DICSEM orthologs, and 40% for MAGTRE-TETULN comparisons). The intergenic regions of these closed circular molecules contained mostly sequences that had no significant similarity to anything in sequence databases ( Table 1 ). The coding density of these 17 molecules was thus extremely low, the most gene-dense circle being 45% coding DNA ( Fig. 2 and Table  1 ). It is worth noting that the assembled region of the 13-kb scaffold PUTATIVE006 contains four pseudogenes but no obviously functional genes (Table 1) . It is possible that a functional gene exists in the unfinished gap; if not, we would expect this circle to be under little selection to be maintained and likely to be lost in other cicada lineages. Genes for the biosynthesis of methionine, histidine, and a vitamin B 12 -like molecule have been found on all previous Hodgkinia genomes. This is thought to reflect the nutritional contribution of Hodgkinia to the symbiosis (6). We looked for evidence that these genes were conserved in the Hodgkinia MAGTRE assembly, and found that they were distributed on several scaffolds. For example, apparently functional copies of all genes in the histidine biosynthesis pathway except histidinolphosphate aminotransferase (hisC) are present on at least one of the 27 circles shown in Fig. 2 (hisC is present as a pseudogene on a small scaffold outside of the 27 circles). It is presently unclear if functional copies of the genes missing in the histidine or B 12 pathways are present but poorly assembled, or if like in mealybugs and psyllids, the insect host has taken over these functions (35, 36) .
We noticed that the average guanine + cytosine (GC) content of the Hodgkinia MAGTRE assembly was quite different from other Hodgkinia genomes: MAGTRE was 28% GC, TETUND was 47% GC, and DICSEM was 58% GC on average. It has been shown that Hodgkinia DICSEM has an AT mutational bias (42) , and thus the low GC content in Hodgkinia MAGTRE seems to reflect this mutational bias more strongly compared with other Hodgkinia lineages. It was proposed that selection is acting to keep the genomic GC content high in Hodgkinia DICSEM (42); if this is correct, it seems this selective force has been lost, reduced, or was never present in Hodgkinia MAGTRE.
Some of These Circles Reside in Discrete Hodgkinia Cells. We looked for evidence that the 17 closed MAGTRE circles arose through the lineage-splitting and reductive process that we hypothesized for the duplicated TETUND genomes (Fig. 3B) . First, we assumed that none of the MAGTRE circles should be larger than the inferred ancestral single genome size of 144-150 kb. This assumption holds, as the largest closed circle we find is 61 kb (although it is possible that some of the unassembled scaffolds in our assembly join to form larger molecules). Second, we expect that many of the MAGTRE circles should display regions of colinearity with each other and with other Hodgkinia genomes. Analysis of the five most gene-rich circles (encoding between 8 and 20 genes each) reveals small blocks of 5-10 genes that are colinear with other Hodgkinia genomes in a background of what seems to be an extensive history of gene rearrangement. This finding is consistent with what was observed in TETUND on a much smaller scale, where one of the two new genomes had an inversion relative to the other (40) . Third-and most criticallybecause the two Hodgkinia TETUND genomes were isolated into discrete cells (40), we expect that this would also be true for MAGTRE if the process driving the lineage splitting is the same. Although we could not exhaustively check all combinations of the 233 Hodgkinia MAGTRE scaffolds using genome-targeted fluorescence microscopy, we did find evidence that 4 of the 17 finished circles are partitioned into separate Hodgkinia cells that are intermixed in the same host tissue (Fig. 4) . None of the four tested circles showed overlapping signal, suggesting that at least these four molecules (and perhaps many others) remain separated into discrete cells. We also find that the scaffold assembly coverage, which corresponds to the frequency with which the molecule is present in the sample, correlates with the number of cells producing signal such that lower coverage scaffolds were present in fewer cells that higher coverage scaffolds (Fig. 4) .
These data are consistent with a process where new Hodgkinia lineages are created when ancestral circles split into new cytologically distinct molecules (Fig. 3C) . It is presently unclear if all 17 finished circles we have found are present in separate cells. Work from other endosymbionts shows that small plasmidlike subgenomic molecules can stably fracture from the main chromosome (35) , so it is possible that part of what we are seeing in this complex mix of molecules is a combination of genomes that have split into new lineages combined with subgenomic circles that have split off from larger chromosomes. Given this uncertainty, we use the term "circle" instead of "chromosome" or "genome" throughout this report. Because we see little evidence for tandem duplication playing a role in the evolution of Hodgkinia genes, we can use the number of duplicate genes as an estimate for a minimum number of splitting events. There are least 10 distinct copies of the small ribosomal subunit RNA (16S rRNA) in the assembly, each present on a different circle, indicating that the Hodgkinia lineage may have split at least nine times (although the presence of at least 27 circular-mapping molecules suggests the number might be substantially higher). Finally, consistent with existence of numerous Hodgkinia lineages, we noticed that the amount of bacteriome tissue taken up by Hodgkinia relative to Sulcia was much larger in MAGTRE than in TETUND or DICSEM (Fig. 4 G-I ). This may be an adaptation by the insect to accommodate the numerous different cellular and genomic lineages of Hodgkinia MAGTRE. Lineages. To rapidly survey the genomes of other Magicicada species, we sequenced multiple 16S rRNA clones from single individuals of all seven species of 13-and 17-y periodical cicadas. Because we found several copies of the 16S gene that were distinguishable in our genomic data, we reasoned that if other periodical cicadas shared the same Hodgkinia complexity they should contain several 16S versions in the same insect. Every individual possessed sequences that cluster into the same four or five groups (Fig. 5 and Table S1 ), suggesting that the fragmentation process happened early in the Magicicada lineage or before it diverged from its last common ancestor, and that multiple Hodgkinia lineages have been passed down from the Magicicada common ancestor. It is noteworthy that neither M. tredecim, whose symbiont genomes The average coverage values reflect only the reads generated in the large-insert Illumina sequencing. The percentage of unrecognizable DNA is an estimate of the total amount of sequence for each circle that has no significant similarity (blast e-value less than 0.1) to anything in the GenBank nonredundant protein database.
were sequenced, nor M. tredecim from a different locality (Table  S1 ), whose Hodgkinia 16S rRNA genes were cloned and sequenced, seemed to contain 16S versions in group 3, indicating that some Hodgkinia lineages have been differentially lost as Magicicada diversified. Previous molecular clock calculations place the common ancestor of Magicicada at ∼3.8 Mya (43). Fig. 3 . Models for lineage splitting in different endosymbionts. In these models, all symbionts are polyploid with several genome copies per cell, and all experience a population bottleneck when they are distributed to eggs (40) . (A) Sulcia (gray circles in A1) has a low mutation rate, and inactivating mutations (orange mark) arise infrequently (A2). These inactivating mutations may drift to high frequency (A3 and A4), but the cell lineages carrying these mutations are eventually purged by selection (red X in A5), keeping the Sulcia lineage coherent. (B) The model for lineage splitting (adapted from ref. 40) in Hodgkinia TETUND. Hodgkinia (green circles) has a high mutation rate, and complementary inactivating mutations (orange and blue marks) can arise in the same insect (B2) and rise to high frequency through drift (B3). If the ancestral genotype is eliminated (B4), the new Hodgkinia genotypes can evolve further interdependencies through reciprocal gene loss (B5). Reprinted from ref. 40 , with permission from Elsevier; www.sciencedirect. com/science/journal/00928674. In MAGTRE (C), two new lineages (C1 orange and blue circles) could continue splitting although the same process hypothesized for TETUND (C2-C4), leading to several related interdependent genotypes, each with progressively smaller genomes (C5). 
Why Does Hodgkinia Fracture into Many Lineages Whereas Sulcia
Remains Cohesive? In all reported cicada species, the bacterial symbionts Sulcia and Hodgkinia are contained within different insect cells but have been restricted to cicada tissues (Fig. 4) for tens of millions of years. Therefore, Sulcia and Hodgkinia should be subject to the same forces imposed by their extensive gene loss and living conditions: that is, the effects of strict asexuality, intracellularity, host dependence, and transovarial transmission should be the same for both endosymbionts.
We suggest that the structural differences between the Sulcia and Hodgkinia genomes may result from differences in their mutation rates. (Although the mutation rate itself has not been measured in . G-I show whole bacteriome tissue sections stained for Hodgkinia (red) and Sulcia (green) small subunit rRNAs. As the number of Hodgkinia lineages increases from one in DICSEM (G), to two in TETUND (H), to several in MAGTRE (I), the relative amount of tissue volume devoted to Hodgkinia seems to also increase.
Sulcia or Hodgkinia, here we use the relative DNA substitution rates as a proxy.) Sulcia has been noted to have a very low DNA substitution rate in various insects, usually with its partner coprimary symbiont showing a more rapid rate of sequence evolution (2, 44, 45) . For example, in sharpshooters, Sulcia has a five-times slower rate of DNA substitution than its partner symbiont Baumannia cicadellinicola (45). Thus, symbiont pairs that are present in the same host can have different rates of sequence evolution, perhaps because of mechanical differences in their DNA replication machinery (44) .
The difference in DNA substitution rate between partner endosymbionts appears to be even more dramatic in the case of Sulcia and Hodgkinia. By comparing the average rates of synonymous site substitutions (d S ) in Sulcia and Hodgkinia homologs in different cicada species, we estimate that the DNA substitution rate is one to two orders-of-magnitude higher in Hodgkinia than in Sulcia (Table S2 ). The model we propose for the lineage-splitting events in TETUND and MAGTRE require at least two complementary and inactivating mutations to arise in different Hodgkinia cells (Fig. 3) . If the mutation rate is much higher in Hodgkinia compared with Sulcia, then the odds of acquiring two mutations in the population for a given number of genome replication cycles is higher in Hodgkinia. Sulcia will still encounter inactivating mutations, and these may even rise to high frequency, but cell lineages that accumulate high levels of these deleterious genotypes will eventually be purged by selection (Fig. 3A) . It is also possible that there are cell biological reasons why Sulcia and Hodgkinia are different. In particular, the patterns of genome evolution in Hodgkinia suggest that its cellular boundary is porous to most molecules except genomes (40) , but this may not be true in Sulcia. In this case, it would not be possible for inactivating mutations in two different Sulcia cells to interact, and thus cell lineages carrying inactivating mutations would not be masked from selection by other lineages with active gene copies and would eventually be purged by host-level purifying selection.
Why Do Symbionts Fracture into Many Lineages in Cicadas, but Not in Other Insects? Aside from Hodgkinia, many other endosymbionts with tiny genomes have very high substitution rates (2) . Why have the lineage-splitting events we observe in Hodgkinia not occurred in other symbionts in other insects, and why are they found in only some lineages of cicadas? We suggest that it is related to the very long and variable life cycles of cicadas. Although some exceptional insects have multiyear diapause stages that can last more than 25 y (e.g., ref. 46) , the vast majority of sap-feeding insects have life cycles of 1 y or less (47) (48) (49) (50) . With known life cycles ranging from 2 to 19 y, cicadas are therefore among the longest-lived nondiapausing insects (51, 52) . Most cicada species for which we have data have life cycles of 2 to 5 y, with the synchronized 13-and 17-y life cycles of periodical cicadas in the genus Magicicada at the long end of the spectrum (Table S3) .
We hypothesize that the number of splitting events experienced by a Hodgkinia lineage is proportional to the life-cycle length of the cicada in which it resides. This could be the result of two factors. The first is the inferred high mutation rate in Hodgkinia; it could simply be that the longer an insect lives, the more genome replication cycles Hodgkinia undergoes and thus the likelihood of accumulating inactivating mutations is higher. The second factor relates the amount of time a cicada species exists in states of lowered metabolism, such as winter diapause (53, 54) , or the waiting period (51) between when it has reached the critical fifthinstar weight and when it emerges above ground. Because Sulcia and Hodgkinia provide essential amino acids to their host cicada (6), we assume that host-level selection will test the quality of symbiont genotypes most intensely when protein synthesis is at its maximum; that is, when the insect is putting on mass during growth. Therefore, if there are periods during the cicada lifecycle Table S1 for collecting localities and clone lineage membership summary. where the symbionts are undergoing genome replication (to be maintained and passed to the next generation) but when the cicada is not putting on mass, then it may be possible for less-fit symbiont genotypes to accumulate because their symbiotic quality would not be vigorously tested by host-level selection (40) .
Two Definitions of the Hodgkinia "Genome." Is the Hodgkinia genome the sum of what is found in a single cicada, or does each cellular lineage possess its own genome? From the perspective of the Hodgkinia lineage, it is difficult to argue that dramatic and permanent splits have not occurred; a single Hodgkinia species has irreversibly split into two or more new species, each with a smaller genome encoding fewer genes. From the perspective of the insect host, the number of Hodgkinia lineages has multiplied, but so has the collective genome size because the host now needs most if not all of the circles encoded by these new lineages to perform the tasks originally performed by one. Genome expansion describes the outcome experienced by the host; lineage-splitting and genome reduction describes the processes happening to Hodgkinia. However, at some point one has to choose between the two to represent Hodgkinia in figures such as Fig. 1 . We have chosen the genome size resulting from sum of all lineages because the genes contained in the entire Hodgkinia genome complex are likely the important unit of selection for the maintenence of the symbiosis.
Differences and Similarities in Endosymbiont and Organelle Genome
Evolution. One important difference between mitochondria and Hodgkinia is the physical location of the genomes. The Hodgkinia genomes from TETUND (40) and at least some of the circles from MAGTRE (Fig. 4) appear to remain cytologically distinct, but this is likely not true in mitochondria because of the frequent fission and fusion events they undergo (55) . Indeed, the frequency of mitochondrial fusion is the explanation proposed for the massive levels of foreign DNA acquisition seen in mitochondrial genomes from the plant genus Amborella (23) (Fig. 1) . Thus, even when mitochondrial genomes fragment into several chromosomes, those chromosomes stay distributed throughout a cell's mitochondria because of frequent organelle fusion. In contrast, when a Hodgkinia lineage fragments, each new genome seems to stay sequestered into discrete cells and mixing does not occur.
Despite these cell biological differences, decades of work on organelle and endosymbiont genomes has shown that genome reduction is a strong unifying theme of intracellular symbioses (Fig. 6) . Although many organelle genomes remain small and gene dense, others have undergone secondary genome expansions through DNA proliferation or acquisition that make the genome larger but add little or no coding capacity (23, 24, 30) . Similarly, most insect endosymbiont genomes are small and gene dense, but here we have shown that the Hodgkinia genome complex has grown in size by almost an order-of-magnitude and has drastically reduced its coding density, but through a different process involving lineage splitting and reciprocal gene inactivation. These examples of secondary genome expansion have three important similarities. The first is that they have all lead to the accumulation of large amounts of "junk" DNA, inspiring arguments that these genome expansions are the result of nonadaptive evolution (23, 24, 40, 56, 57) . The second is that mutation rate seems to be an important correlate in the structure and stability of organelle (24) and endosymbiont genomes. The third is that they both have evolved in the context of absolute codependency with their hosts. A eukaryotic cell is nothing without its mitochondria, just as an insect that only eats plant sap is nothing without its endosymbiotic bacteria. It is likely that strong selection on the host to maintain the symbiosis provides a fertile ground for nonadaptive processes observed in organelles and endosymbionts. If conditions arise whereby an organelle acquires several genome's worth of foreign DNA, such as in Amborella (23), or if an insect host is not able to stop an endosymbiont splitting its genome into tens or hundreds of discrete cells, the host-and therefore the entire symbiosishas no choice but to cope with the changes or die.
Materials and Methods
Additional details for the genome sequencing, annotation, and 16S PCR and sequencing can be found in SI Materials and Methods.
Genome Sequencing. Total DNA was purified from dissected bacteriome tissue from 12 ethanol-preserved cicadas, wild-caught in 2011 from King William County, Virginia, using the Qiagen DNeasy Blood and Tissue kit. DNA libraries from individual cicadas were separately barcoded for Illumina short-insert sequencing using NEXTflex adapters and protocols (Bio Scientific). Pooled DNA from the same individuals was used to generate the Illumina Nextera large-insert and PacBio RS II DNA libraries using standard protocols from the manufacturer.
Genome Assembly. Adapter sequences were trimmed with trimmomatic (parameters: SLIDINGWINDOW:10:15 LEADING:3 TRAILING:3 MINLEN:60) (58) and quality-filtered using FASTX Toolkit v0.0.13. High-quality, paired reads were assembled using SPAdes v3.1.1 (60) , with kmer sizes of 91 and 95. Uncorrected PacBio reads were used to scaffold with SSPACE-LONGREADS v1.1 (61) . Putatively circular scaffolds were confirmed with manual inspection of mate-pair read mapping and Sanger sequencing of PCR products. Internal gaps in the scaffolds were closed using PacBio reads and custom Python scripts.
Microscopy. Genome-and ribosome-targeted fluorescence in situ hybridization microscopy was performed as described previously (40) on bacteriome tissue from a single female cicada from Brood XXII (C.S. Laboratory specimen no. 14.LA.EB.WWP.01) using the DNA sequences listed in SI Materials and Methods.
